Water-damaged indoor building materials are frequently colonized by complex microbial communities and may emit mixed bioaerosols into the indoor air (4, 6, 20, 49) . Many studies have been carried out with the aim of revealing which microbial agents are responsible for causing the development of the ill health symptoms associated with damp houses (17, 21, 26, 47, 50) . Mycotoxins, lipopolysaccharides of gram-negative bacteria, ␤-D-glucans, and cytotoxic metabolites produced by Streptomyces have been suspected to have adverse health effects (5, 21, 40, 47) .
The guidelines of the Finnish Health Authority state that the presence of spore-forming actinobacteria in indoor environments may indicate a risk to human health (8) but do not specify any genera or species. Nocardiopsis dassonvillei has been isolated from lung biopsies of farmers suffering from alveolitis (36) . This species is classified as hazard category 2 in European legislation (7) . Strains of the actinobacterial genus Nocardiopsis have also been reported to produce antimicrobial and bioactive agents (e.g., a cytotoxic antifungal antibiotic, kalafungin [55] ; antibacterial 3-trehalosamine [16] , an inhibitor of protein kinase C, methylpendolmycin [52] ; and a staurosporin-like inhibitor of cyclic AMP-dependent protein kinase enzyme [23] ). Nocardiopsis species have been observed in indoor environments (6, 42) , and a bioactive agent-producing isolate was recently reported (42) .
Here, we report on five Nocardiopsis isolates from waterdamaged indoor environments, of which two (N. alba subsp. alba 704a and an isolate representing a novel species, ES10.1) produced toxins, which were detected by using boar spermatozoa as test cells. Also N. lucentensis, N. prasina, and N. tropica were shown to produce substances toxic to boar spermatozoa. N. prasina, N. lucentensis, N. tropica, and the isolate ES10.1 dissipated the mitochondrial membrane potential (⌬), and thus were mitochondriotoxic, whereas isolate 704a produced a substance that destroyed the cell membrane barrier function.
was assayed in terms of stainability by propidium iodide (PI) as described by Juonala et al. (31) or by differential staining with PI and SYBR-14 as described by Peltola et al. (42) . Reduction of resazurin by the spermatozoa was assayed fluorometrically (1) . The dissipation of boar sperm cell mitochondrial ⌬ by methanol extracts was determined by selective staining with JC-1 as described by Peltola et al. (42) .
The agar diffusion assay was performed with filter paper disks impregnated with extracts dissolved in methanol prepared from the cultures of Nocardiopsis species with Corynebacterium renale DSM 20688 T (13) and Micrococcus luteus DSM 20030 T (43) as the indicator bacteria on plates containing TSA alone (M. luteus) or plates containing TSA plus 0.3% Tween 80 (C. renale). Penicillin (Neo Sensitabs; A/S Rosco, Taastrup, Denmark) similarly applied (a 5-g diffusible amount) was used as a positive control, and 5 l of 100% methanol was used as a reagent blank. The plates were read after 1 and 2 days at 28°C.
Antagonism was determined by streaks of the test bacteria grown for 10 days at 28°C on plates of TSA (for M. luteus antagonism) or of TSA plus 0.3% Tween 80 (for C. renale antagonism). The plates were overlaid with 15 ml of nutrient broth soft agar (3 g of meat extract, 5 g of peptone, 8 g of NaCl, 4 g of agar liter T per 250 ml, and the plates were read after 1 and 2 days at 28°C.
Morphology. Gram staining was performed by the Hucker method (39) . For scanning electron microscopy, blocks of TSA with colonies grown at 28°C for 7 days were placed for 10 min in 5% (wt/vol) KOH and fixed in 2.5% (vol/vol) glutaraldehyde in 0.1 M phosphate buffer (pH 7) for 2 h. The agar blocks were then rinsed three times with the buffer, dehydrated in a graded series of ethanol, and critical point dried. These agar blocks were coated with platinum vapor and examined with a scanning electron microscope (Zeiss DSM 962, Jena, Germany). For thin sections, the cells, grown for 7 days at 28°C, were prefixed with 2.5% (vol/vol) glutaraldehyde in 0.1 M phosphate buffer (pH 7) for 2 h at room temperature and washed three times with the same buffer. The specimen was postfixed for 2 h in buffered 1% (wt/vol) osmium tetroxide, dehydrated in graded series of ethanol and acetone, and embedded in Epon LX-112. Thin sections were stained and examined as described elsewhere (3) . The spermatozoa were fixed and examined by the same approach.
Cell chemistry and physiology. For whole-cell fatty acid analysis, the isolates were grown on cellophane placed on Trypticase soy broth agar (TSBA) (BBL, Becton Dickinson and Company, Cockeysville, Md.) for 6 days at 28°C. Wholecell fatty acid methyl esters were prepared by the method of Väisänen et al. (57) and analyzed with MIDI Aerobic Library version 3.90 (Microbial ID, Newark, Del.). Salt tolerance was tested on TSA plates containing 2.5, 5.0, 7.5, or 10% NaCl and read after 14 to 30 days at 28°C. For quinone analyses, cells were grown for 2 days in medium containing 0.3% peptone from casein, 0.3% yeast extract, and 0.23% Na 2 -succinate (pH 7.2). Cells were harvested by centrifugation and washed once in saline. Menaquinones were extracted as described previously (54) . Extracts were analyzed directly by high-performance liquid chromatography without purification by thin-layer chromatography (TLC). Quinones were identified by comparison with the quinone profiles from reference strains such as Nocardiopsis dassonvillei DSM 43111 T and Microbacterium esteraromaticum DSM 8608
T . The bacterial mass for the following chemotaxonomic analyses was grown in Trypticase soy broth (DSMZ medium 535 [15] ), collected by centrifugation, washed twice with distilled water, and freeze dried. The amino acid and sugar analysis of whole-cell hydrolysates followed previously described procedures (51) . Polar lipids were extracted, examined by two-dimensional TLC, and identified by published methods (D. E. Minnikin, L. Alshamaony, and M. Goodfellow, Gas chromatography application note 228-241, Hewlett-Packard, Palo Alto, Calif., 1975). The occurrence of mycolic acids was determined by TLC following the procedure of Minnikin et al. (Gas chromatography application note 228-241, Hawlett-Packard, 1975) .
Physiological characteristics. Indoor isolates were characterized on the basis of 65 biochemical and physiological tests on microtiter plates as described previously (32, 33) . Test plates were read after 7 days of incubation at 20°C.
Phylogenetic analyses. The extraction of genomic DNA, PCR amplification of the 16S rRNA gene, and sequencing of the purified PCR products were carried out as described previously (44) . Sequence reaction products were purified by ethanol precipitation and electrophoresed with a model 310 Genetic Analyzer (Applied Biosystems, Foster City, Calif.). The 16S rRNA gene sequences obtained in this study were aligned against previously determined actinobacterial sequences by using the ae2 editor (34) . The method of Jukes and Cantor (29) was used to calculate evolutionary distances. Phylogenetic dendrograms were generated by using various treeing algorithms contained in the PHYLIP package (19) .
DNA-DNA reassociation analysis. Chromosomal DNA was prepared by using the lysis protocol according to the method described by Altenbuchner and Cullum (2), starting with 5 g (wet weight) of cells. This was followed by purification according to the method described by Marmur (35) in order to obtain highmolecular-weight DNA. The concentrations of DNA obtained were determined chemically according to the method of Richards (46) . Fragmentation, dialysis, and measurement of the initial renaturation rates in a Gilford 2600 spectropho- tometer by the optical method of De Ley et al. (14) were done as described by Auling et al. (9) . DNA was denatured for 5 min at 104°C, and 80°C was chosen as the optimum renaturation temperature. The degree of binding was calculated from the data of four repetitions by using formula no. 10 given by De Ley et al. (14) .
RESULTS

Isolation of indoor actinobacterial strains.
A number of aerial mycelium-producing strains were isolated from indoor environments, and five of them were identified as members of the genus Nocardiopsis. The isolates originated from indoor air (isolates ES10.1 and 704a), dust (isolates 66/93 and 64/93), and water-damaged gypsum board (isolate 123) ( Table 1) .
Toxicity and antagonistic activity of Nocardiopsis strains. The results of toxicity and antagonistic activity testing of the indoor environment Nocardiopsis isolates and described Nocardiopsis species to boar spermatozoa and selected actinobacteria are shown in Table 2 , inhibited the motility of Ն50% of the exposed boar spermatozoa. Metabolites from the indoor environment isolate ES10.1 inhibited motility without causing ultrastructural changes to boar spermatozoa ( Fig. 1) . Staining with the dual dye JC-1, shown in Fig. 2 , revealed that exposure to ES10.1 extract quenched the yellow fluorescence in the midpiece of the sperm cell containing the mitochondria, indicating that substances emitted by this isolate dissipated the mitochondrial ⌬ (compare Fig. 2C and A). Uptake of live-cell stain SYBR-14 by the sperm cells (Fig. 2D) was not affected by the exposure, indicating that the plasma membrane was intact. This remained the case when a 10-times-higher concentration of extract was used. Methanolic extracts prepared from the cultures of type strains of N. prasina, N. lucentensis, and N. tropica also induced changes in ⌬ of boar sperm cells similar to those by isolate ES10.1. These results indicate that the strains of the various Nocardiopsis species excreted substances that induce changes in ion permeability of the mitochondrial inner membrane of sperm cells. Loss of yellow fluorescence in the JC-1-stained mitochondrial sheath of the spermatozoan middle region was also observed after exposure to extract from isolate 704a (compare Fig. 2E and A). The same exposure also converted the spermatozoan permeable to PI, visible as red fluorescence in Fig. 2F , and also depleted the spermatozoa of ATP. Transmission electron micrographs of thin sections of spermatozoa exposed to the extract isolate 704a (Fig. 3B ) showed ultrastructural changes in the sperm head. The metabolite causing all of these changes was soluble and functional in 100% methanol, indicating that it was not a protein. T when tested with filter paper disks by agar diffusion assay. The active substances from the indoor environment isolate 64/93 and from N. lucentensis DSM 44048 T were soluble in methanol, indicating that they were not proteins. None of the cell-free methanol-extractable metabo- 50 (50% effective concentration) was assayed as the end point dilution of methanol extract causing a Ͼ50% change in vitality parameters of extended boar spermatozoa compared to that of spermatozoa exposed to diluent only (ϭ reagent blank) as described by Andersson et al. (4) .
b The concentration of the extract used was Ն60 g in the agar diffusion assay. . (E and F) Spermatozoa exposed for 4 days to methanol-soluble metabolites from Nocardiopsis strain 704a (25 g ml
Ϫ1
). Excitation light, 390 to 490 nm. Bars, 10 m. SYBR-14, known to bind DNA, was used in combination with a counterstain, PI. PI needs damaged plasma membranes to be able to penetrate into the cell and to intercalate in DNA (22) . The dual dye JC-1 accumulates in mitochondria as "J-aggregates" and fluoresces yellow or orange when the potential (⌬) is high, but remains green (monomeric form) when the ⌬ is low (22) . Table 2) . Identification of the indoor isolates. The whole-cell fatty acid methyl esters (FAME) patterns of five indoor environment isolates and eight reference strains of Nocardiopsis are shown in Table 3 . Biomass harvested from TSBA plates (6 days, 28°C) of all strains contained iso-or anteiso-branched fatty acids as the major fatty acids, with smaller amounts of 10-methyl branched fatty acids, as found in the genus Nocardiopsis (24) . Tuberculostearic acid (10-methyl-C 18:0 ) was also present in all strains. Each of the five indoor isolates 123, 64/93, 66/93, 704a, and ES10.1 displayed a complex quinone system consisting exclusively of MK-10 as the major menaquinone with a variable degree of saturation [MK-10(H 2 , H 4 , H 6 , H 8 )]. Almost complete 16S rRNA gene sequences (1,454 to 1,460 nucleotides) were determined for the five indoor environment isolates. Phylogenetic analyses based on a data set comprising 1,404 unambiguous nucleotides between positions 41 and 1493 (Escherichia coli positions [11] ) showed the new isolates to cluster within the radiation of the species of the actinobacterial genus Nocardiopsis (Fig. 4) . The five indoor isolates thus are members of the genus Nocardiopsis and share 97.6 to 99.9% 16S rRNA gene sequence similarity.
Based on phylogenetic data, isolate 123 is identical to N. alba subsp. alba DSM 43377 T (100% similarity). The whole-cell fatty acids of this isolate were most similar to those of N. alba subsp. alba DSM 43377 T ( T . Also based on fatty acid (Table 3 ) and physiological data, this isolate was closest to N. dassonvillei, sharing 43 to 45 physiological properties (Table 4) .
Isolate 704a was phylogenetically highly related to isolate 123 (99.9%) and to N. alba subsp. alba DSM 43377 T (99.9%). According to whole-cell fatty acid data, isolate 704a also was similar to isolate 123 and to N. alba subsp. alba DSM 43377 T (Table 3) . However, isolate 704a was physiologically very different from any validly described Nocardiopsis species, which may in part be due to its faster growth on test plates (2 days) compared to that of other indoor isolates (3 to 4 days). Indoor isolate 704a differed from all Nocardiopsis species and other indoor isolates by its ability to utilize L-ornithine, L-tryptophan and 3-hydroxybenzoate (Table 4) . It did not utilize fumarate or hydrolyze para-nitrophenyl-␣-D-glucopyranoside, whereas all other Nocardiopsis strains studied did so (Table 4) . Isolate 704a also differed from the indoor isolate 123 and N. alba subsp. alba DSM 43377
T by being toxic to boar sperm cells ( Table 2 ).
The two isolates that showed the least 16S rRNA gene sequence similarity to validly described Nocardiopsis species were ES10. 1 Based on the results presented above, isolates 123 and 704a were closest to N. alba subsp. alba, and isolate 64/93 was closest to N. dassonvillei subsp. albirubida. The indoor environment isolates ES10.1 and 66/93 were not similar to any validly described Nocardiopsis species. Therefore, these were characterized in detail.
Whole-cell hydrolysates of isolates ES10.1 and 66/93 contained ribose and glucose and mesodiaminopimelic acid as the only diamino acid of the peptidoglycan. No mycolic acids were found. The polar lipid pattern was composed of the diagnostic phosphatidylcholine and phosphatidylinositol, phosphatidylglycerol, phosphatidylmethylethanolamine, diphosphatidylglycerol, and three to four unknown phospholipids with a high R f value (above that of diphosphatidylglycerol).
The vegetative hyphae of Nocardiopsis isolates ES10.1 and 66/93 were yellowish, and the aerial hyphae were white on TSA plates (3 days at 28°C). No diffusible pigments were produced. The isolates formed gram-positive hyphae penetrating into the agar and compact colonies on the agar surface. The hyphae of isolate ES10.1 were slightly spiral shaped, and those of 66/93 formed thick bundles detected by scanning electron microscopy. The hyphae of isolate ES10.1 fragmented into rodshaped elements 0.5 to 2 m long and 0.5 m wide. The hyphae of the indoor isolate 66/93 were 0.3 to 0.5 m wide as measured from transmission electron microscopy figures. Both isolates grew to colonies at 28 and at 37°C in 3 days and at 10°C in 14 days, but not at 50°C. The isolates grew well in the presence of 7.5% NaCl, but in 10% NaCl, isolate ES10.1 grew only slowly (30 days).
DISCUSSION
We have earlier reported Nocardiopsis species in sick building environments, in indoor air, and at high density in building material (10 5 to 10 6 CFU g Ϫ1 ) (6, 42, 49) . In this paper, we demonstrate a new feature of the genus Nocardiopsis: the pro- 
Hydrolysis of: duction of methanol-soluble metabolites that inhibited the motility of boar spermatozoa at low concentration.
Metabolites from strain ES10.1 and the type strains of N. prasina, N. lucentensis, and N. tropica dissipated the mitochondrial ⌬ in boar spermatozoa, while the plasma membrane remained intact. Cereulide produced by Bacillus cereus and valinomycin produced by indoor isolates of Streptomyces griseus have been reported to collapse the ⌬ in mammalian mitochondria (38) . These potassium ionophores also cause swelling of mitochondria (5, 38) . Nocardiopsis extracts did not cause swelling of mitochondria, thus representing a mitochondriotoxin different from those emitted by indoor isolates of Streptomyces griseus (5) and Bacillus cereus (38) . Mitochondrial damage is known to induce pathways leading to programmed cell death (10) . Our results show that mitochondrial toxicity is a property widely present among members of the genus Nocardiopsis. The indoor strain N. alba subsp. alba 704a resembled the food-poisoning and mastitis-related isolates of Bacillus licheniformis in its toxic action (48) .
Nocardiopsis trehalosi (previously N. trehalosei) has been reported to produce 3-trehalosamine, a disaccharide with activity against Bacillus subtilis (16 T . Corynebacterium renale is susceptible to Staphylococcus aureus strains producing staphylococcin BacR1, which is associated with the production of exfoliative toxin B connected to human skin disease (13) . N. lucentensis DSM 44048
T was also shown to strongly antagonize Micrococcus luteus DSM 20030 T a known indicator for tracking producers of potassium ionophore types of toxins like valinomycin (43) .
The indoor strains of Nocardiopsis showed several conspicuous environmentally significant features. (i) The ability of the indoor strains ES10.1 and 66/93 to grow in the presence of high salt concentrations (7.5 to 10% of NaCl) will favor survival in a low-water-activity environment, such as may occur under the repeated cycles of wetting and drying of building materials, which leads to changing moisture conditions. The type strains of N. lucentensis, N. alba subsp. alba, and N. prasina (former name, N. alba subsp. prasina), N. synnemataformans and N. tropica also grow at high salt concentrations (18, 58, 59) . (ii) A wide range of substrates were utilized by the indoor Nocardiopsis strains (Table 4 ). This will promote their propagation in nutrient-deficient environments such as building materials. (iii) Antagonistic properties of the indoor Nocardiopsis strains give them a competitive advantage in water-damaged building materials.
Many actinobacterial genera are known as producers of antibiotics or antimicrobial substances (23, 28) . Members of the genera Streptosporangium, Microbispora, Actinomadura, and Thermomonospora, which are related to the genus Nocardiopsis, are also known to produce a wide variety of antibiotics (23, 25, 27, 41, 53, 56) . Indoor actinobacteria have previously been reported as being antagonistic to Streptococcus salivarius subsp. thermophilus, Candida albicans, and Alternaria brassicola (45) .
The xerotolerance and wide range of substrate utilization of the Nocardiopsis species, combined with the ability to emit toxic nonprotein substances, indicate that members of this genus may well survive and also represent hazards to human health in water-damaged indoor environments.
In this paper, three of the indoor Nocardiopsis isolates were identified as N. alba subsp. alba and N. dassonvillei subsp. albirubida. We also propose two new species of Nocardiopsis as represented by strains ES10.1 and 66/93. These indoor strains were similar to other Nocardiopsis strains in morphology, producing white, moderately branched aerial mycelia and yellowish substrate mycelia (37) . The 16S rRNA gene sequence similarity between strain ES10.1 and N. prasina DSM 43845 T was 99.4%, but the low match of physiological properties together with and DNA-DNA reassociation studies (degree of binding of 58% to N. prasina DSM 43845 T ) confirm that strain ES10.1 was a novel species. The 16S rRNA gene sequence similarity of the indoor strain 66/93 was highest to N. tropica DSM 44381 T (99.2%) (18) . In the case of members of the genus Nocardiopsis, this is a low value (44) and in combination with phenotypic differentiation provides evidence for the description of strain 66/93 as a novel species. During the preparation of this article, the new Nocardiopsis species N. kunsanensis was described (12) . Based on 16S rRNA gene sequence comparisons, N. kunsanensis HA-9
T is not closely related to the new Nocardiopsis species N. exhalans strain ES10.1 and N. umidischola strain 66/93 proposed in this paper (Fig. 4) . The isolation of novel Nocardiopsis strains from indoor environments, including dust and air, further extends the reported habitats of this genus.
Description of Nocardiopsis exhalans sp. nov. Nocardiopsis exhalans (ex.haЈlans. L. partic. adj. exhalans, emitting odors, fumes, toxins, etc.). The vegetative hyphae are yellowish and penetrate agar. The aerial hyphae are white, slightly spiral shaped, and 0.5 m in diameter and fragment to form rod-shaped, nonmotile spores. No soluble pigment is produced. Gram positive. Catalase positive and aerobic. Grows in the presence of 10% NaCl. Growth occurs at 10, 28, and 37°C; no growth at 50°C. Assimilates arabinose, cellobiose, fructose, gluconate, glucose, mannose, maltose, rhamnose, ribose, sucrose, trehalose, xylose, mannitol, putrescine, acetate, cis-aconitate, 4-aminobutyrate, azelate, citrate, fumarate, glutarate, 3-hydroxybutyrate, pyruvate, suberate, L-alanine, phenylalanine, proline, serine, 4-hydroxybenzoate, and phenylacetate, but not N-acetyl-D-glucosamine, arbutin, galactose, melibiose, salicin, adonitol, inositol, maltitol, sorbitol, propionate, adipate, itaconate, lactate, malate, mesaconate, oxoglutarate, ␤-alanine, aspartate, histidine, leucine, ornithine, tryptophan, or 3-hydroxybenzoate. Esculin is not hydrolyzed. Phosphatase and ␣-glucosidase are produced. The fatty acid profile includes straight-chain saturated and unsaturated fatty acids, branchedchain fatty acids of the iso and anteiso types, and 10-methyl branched-chain fatty acids. Predominant menaquinones were MK-10 (H 6 ) and MK-10 (H 8 ), and relatively high concentrations of MK-10 (H 4 ), MK-9 (H 6 ), and MK-9 (H 8 ) were found. Mesodiaminopimelic acid was the diamino acid of the peptidoglycan. The polar lipid pattern was composed of the diagnostic phosphatidylcholine, and phosphatidylinositol, phosphotidylglycerol, phosphatidylmethylethanolamine, and diphosphatidylglycerol. The type strain was isolated from the indoor air of the basement of a water-damaged building of which the occupants suffered from nonspecific health symptoms. The type strain of Nocardiopsis exhalans is strain ES10.1 (ϭDSM 44407 ϭ NRRL B-24123).
Description of Nocardiopsis umidischolae sp. nov. Nocardiopsis umidischolae (u. mi. di. schoЈ lae L. adj. umidus, moist; L. fem. n. schola, school; N.L. gen. fem. n. umidischolae, of a moist school). The vegetative hyphae are yellowish and penetrate agar. The aerial hyphae are white and 0.2 m in diameter, and they form thick bundles. No soluble pigment is produced. Gram positive. Catalase positive and aerobic. Grows in the presence of 7.5% NaCl. Growth occurs at 10, 28, and 37°C; no growth at 50°C. Assimilates N-acetyl-D-glucosamine, arabinose, arbutin, cellobiose, fructose, galactose, gluconate, glucose, mannose, maltose, melibiose, rhamnose, ribose, sucrose, trehalose, xylose, maltitol, mannitol, acetate, propionate, cisaconitate, 4-aminobutyrate, citrate, fumarate, glutarate, 3-hydroxybutyrate, lactate, malate, oxoglutarate, pyruvate, L-alanine, ␤-alanine, aspartate, histidine, phenylalanine, proline, serine, and phenylacetate, but not salicin, adonitol, inositol, sorbitol, putrescine, adipate, azelate, itaconate, mesaconate, suberate, leucine, ornithine, tryptophan, 3-hydroxybenzoate, or 4-hydroxybenzoate. Esculin is not hydrolyzed. Produces ␣-and ␤-glucosidases, phosphatase, and peptidases. The fatty acid profile includes straight-chain saturated and unsaturated fatty acids, branched-chain fatty acids of the iso and anteiso types, and 10-methyl branched-chain fatty acids. The predominant menaquinone was MK-10 (H 6 ), and relatively high concentrations of MK-10 (H 4 ), MK-10 (H 8 ), and MK-11 (H 6 ) were found. Mesodiaminopimelic acid was the diamino acid of the peptidoglycan. The polar lipid pattern was composed of the diagnostic phosphatidylcholine, and phosphatitylinositol, phosphatidylglycerol, phosphotidylmethylethanolamine, and diphosphatidylglycerol. The type strain was isolated from the indoor dust of a water-damaged school. The type strain of Nocardiopsis umidischolae is strain 66/93 (ϭDSM 44362 ϭ NRRL B-24122).
